Liver plays a major role in drug metabolism and is one of the main sites of drug adverse effects. Microphysiological systems (MPS), also known as organs-on-a-chip, are a class of microfluidic platforms that recreate properties of tissue microenvironments. Among different properties, the liver microenvironment is three-dimensional, fluid flows around its cells, and different cell types regulate its function. Liver MPS aim to recreate these properties and enable drug testing and measurement of functional endpoints. Tests with these systems have demonstrated their potential for predicting clinical drug effects. Properties of liver MPS that improve the physiology of cell culture are reviewed, specifically focusing on the importance of recreating a physiological microenvironment to evaluate and model drug effects. Advances in modeling hepatic function by leveraging MPS are addressed, noting the need for standardization in the use, quality control, and interpretation of data from these systems.
Microphysiological systems (MPS) are a class of microfabricated in vitro cellular platforms conceived with the intent of replicating specific physiological organ or tissue settings that define their function. 1 MPS are currently being evaluated for different uses in drug development, 2 disease modeling, 3 basic research in human physiology, 4, 5 and reducing the use of animal testing or the cost of clinical trials. 6 According to the US National Institutes of Health, they are defined as microfluidic systems that enable the co culture of at least two types of human cells in three dimensions (3-D) 1 (Figure 1) . In general, 3-D microenvironments and co cultures of tissue-specific cells mimic organ physiology better than monocultures of cells in traditional two-dimensional (2-D) plates/dishes. 7 In accordance with this definition of MPS, the achievements, potential, and challenges of using hepatic/liver MPS in drug development are reviewed. Focus is placed on the opportunities to use this technology for filling gaps in the drug regulatory evaluation process, particularly for applications where human-specific testing is required.
Other microfabricated cell culture platforms with characteristics that do not fit the definition of MPS can also enhance the physiological performance of hepatocytes. For example, micropatterning colonies of hepatocytes on a 2-D surface and surrounding them with stromal cells has been shown to improve the lifetime and function of hepatocytes in culture, 8 with demonstrated potential for drug development and for studying drug transport and drugdrug interaction. 9, 10 The initial motivation for developing MPS was to improve prediction of clinical drug effects early in drug development to improve its efficiency. 1 This motivation primarily reflected the drug development burden resulting from the discordance in drug toxic effects between animals and humans. 11, 12 Nine years after the first study reporting MPS was published, 13 liver has become the most modeled organ, and different types of systems have been developed. Several publications have demonstrated advances in system improvement and reported different applications in recreating physiology and disease conditions, testing drug effects, toxicity screening, and capturing drug metabolism. Modeling liver function is important for drug development because liver is a key organ in the generation of toxic drug metabolites 14 and drug metabolism, which has implications for drug clearance 15 and drug-drug interactions. 16 Data from such physiologically relevant hepatic setting (Figure 2a ) have the potential to improve predictions from physiologically-based pharmacokinetic and pharmacodynamic models. Furthermore, drug-induced liver injury accounts for approximately 30% of all drug retractions, 17 and a physiologically relevant platform could improve the confidence of compound screening for hepatic toxicity early in drug development.
The abundance of published and commercialized liver systems, along with the potential impact that this technology may have on drug development, requires a focused assessment to determine how MPS may be utilized in contexts of use relevant to drug regulatory evaluations. This review describes the current capabilities of hepatic MPS that can improve drug development, defines future applications in toxicology and clinical pharmacology, and discusses the hurdles to employ these systems reliably and robustly.
HUMAN PHYSIOLOGICAL RELEVANCE IN VITRO WILL ENABLE CLINICAL PREDICTIONS OF DRUG EFFECTS
A principal challenge for developing in vitro cellular systems as drug development tools during the last decade has been the incorporation of relevant functional endpoints or toxicity output biomarkers that represent in vivo or clinical scenarios. 12, 18 MPS have the potential to partially meet this challenge ( Figure 2 ). This section focuses on defining and discussing potential physiological contexts of use for hepatic MPS. However, given the state of infancy of this field, these contexts will require deeper investigation, evaluation, and standardization to ensure the reliability and robustness of applied measurements. 5, 19 In general, this level of standardization is required for cells as in vitro testing units of drug effects can be susceptible to change under varying cell isolation protocols and other non controllable experimental conditions because of their biological properties and functional performance. [20] [21] [22] For cells from distinct isolation batches, differences in cellular function that do not relate to variations in the genetic background between donors can call into question the confidence of mechanistic predictions from experimental data. For this reason, quality control of isolated cell batches is pivotal for mechanistic evaluation of drug effects in vitro, 23 and the experimental use of hepatocytes should consider quality control standards based on metabolism, transport, biomarker expression, and cell structure. Similar concerns exist in using cellular systems, where variability in results between systems can eventually arise from differences in the design of microfluidic circuits, flow profiles, cell-material interactions, and disparities between cell batches. Therefore, quality control assays and standards should be developed for cellular systems to enable confidence in their use. Cellular systems traditionally have low predictivity of drug candidates' clinical hepatic toxicity, 17 and enhanced physiological relevance of these systems and increased robustness and reliability in their use will improve their impact in drug development.
Overall, robustness and reliability of operation are key components for the evaluation of cell-based platforms intended to predict clinical drug effects. For example, HepG2 cells belong to a class of standardized and robust human hepatocellular carcinoma immortalized cell lines, but they have impaired metabolic, transporter, and structural functions that limit their use in mechanistic studies that may better predict hepatic drug effects. [24] [25] [26] That said, given their robustness, HepG2 cells can still predict hepatotoxicity of compounds with 80% sensitivity and 90% specificity. 27 This shows great promise for early drug screening procedures that may precede more informative platforms for drug mechanisms of action, including MPS ( Figure 2) .
In contrast to immortalized cell lines, primary hepatocytes can enable mechanistic assays for metabolism, transport, and hepatic biology in general. 28 However, animal and human hepatocytes differ in metabolism, transport, and sensitivity to many toxicants. [29] [30] [31] In addition, the low availability, short time of duration in culture, and high inter isolation variability of human hepatocytes 28, 32 limit the standardization of their use. Recently discovered hepatocytes differentiated from human induced pluripotent stem cells (iPSCs) represent a promising alternative for mechanistic evaluation of drug effects, 5,33 but improvements are still required in differentiation and maturation protocols to develop cells that fully replicate mature hepatocytelike functions. 34 Hepatocytes differentiated from iPSCs tend to have fetallike properties when compared with primary cells, such as lower metabolic activity, lower albumin secretion, and higher expression of fetal markers such as alpha-fetoprotein, glutathione-Stransferase, and heat shock protein 47. 35 However, these cells have the potential to model hepatic biology better than immortalized cell lines. In general, different types of hepatic cells for in vitro use present limitations that relate to biological variability, impaired hepatic properties, fetal-like profile, or lack of Figure 1 Microphysiological systems (MPS) as advanced platforms to model cellular properties in vitro. Petri dishes and similar twodimensional (2-D) cell culture platforms have been used for almost a century as test beds for maintaining cell cultures and modeling the translation of their biological properties to clinical observations. More recently, spheroid technology has enabled the possibility of simultaneously co culturing different cell types that represent tissue-specific cellular varieties in three-dimensions (3-D) configuration to recreate more physiologically relevant settings in vitro. For developing MPS, organoid-like co culture approaches were integrated in microfluidic devices with the intent of further improving the physiological relevance of 3-D cocultures, with the potential to also address several limitations related to lack of human-specific properties of preclinical tests used in drug development. The field is fast evolving to the deployment of interconnected systems representing inter organ communications and the modeling of more physiologically relevant in vitro assays (63) . Illustrations are inspired by different sources. 89, 90 [Colour figure can be viewed at wileyonlinelibrary.com] human-specific properties. Opportunities to solve hurdles in drug development and change regulatory paradigms can arise from solving these limitations, which include the following: (i) better predictability of clinical drug toxicity, 36 (ii) physiological performance in drug uptake and efflux, metabolism, and interaction with other drugs, 37 (iii) mechanistic information of drug effects, 38 and (iv) assay genetic predispositions for differential drug effects among populations. 39 Of considerable interest to the MPS field is that many of the limitations inherent to the use of hepatic cells can be addressed by culturing them in 3-D under media flow or in the presence of other hepatic cell types. 5, [40] [41] [42] [43] For example, by prolonging the lifetime and stability of cellular cultures, more accurate physiological microenvironments improve the hepatic properties of HepG2 cells and iPSC-hepatocytes. 5, 44 This improvement in hepatic function when iPSC-hepatocytes are cultured in MPS suggests that the cellular microenvironment within such advanced in vitro models can improve differentiation of maturation. 5 This potential should be the object of future research focusing on dissecting the biological regulatory pathways in iPSC-hepatocytes that are activated under more physiological microenvironments. 45, 46 For primary hepatocytes, enzymatic function and albumin production can be prolonged for more than one month after isolation or plating when cells are maintained in physiological microenvironments, such as 3-D spheroids or MPS. 47, 48 In contrast, in 2-D sandwich cultures, the hepatic function of primary hepatocytes is lost within 3-9 days of culture following a de differentiation process. 32 In conclusion, liver MPS have the potential to overcome the current limitations inherent to the use of hepatocytes or hepatocyte-like cells.
The Supplementary Material associated with this paper focuses on the physiological relevance of each characteristic of liver MPS that distinguishes these systems from traditional 2-D culture platforms, i.e., 3-D organization, interstitial media flow, and coculture with different cell types ( Figure 1) . With regard to media flow, the importance of controlling oxygen concentration in MPS to mimic liver physiology as a function of oxygen tension is also described (Figure 3 ). Other cellular functional properties vary along the hepatic sinusoid, a topic reviewed elsewhere. [49] [50] [51] In addition, the relevance of including different cell types for regulatory applications is described, where the presence of specific cell types dictates the ability to replicate physiological settings in vitro.
HEPATIC MPS CAN IMPROVE THE PREDICTIVE ABILITY OF METABOLISM STUDIES
MPS have the capability to solve several hurdles in modeling clinical pharmacology 52 for the following reasons: (i) their function is more physiologically relevant, (ii) their biological activity lasts longer in Microtissues attach to scaffolds and are exposed to media flow and oxygen gradients in d. Microfluidic chambers (e and f) can also maintain tissue function, under oxygen gradients. 91 A porous membrane can separate endothelial cells from hepatocytes to mimic a barrier (f). Illustrations are inspired by different sources. 42, 43 [Colour figure can be viewed at wileyonlinelibrary.com] culture than traditional culture systems, (iii) they enable quantification of the intracellular and extracellular drug and metabolite concentrations as in vitro proxies for a physiological tissue. Furthermore, MPS can be exposed to different drug treatments and can contain different genetic backgrounds from distinct cell donors that with further research, may have the potential to translate to clinical doses and regimens and hence to patient-specific effects. 39, 53, 54 The discipline of clinical pharmacology studies the use, effects, and mechanisms of action of human drugs to predict the safety and efficacy of different dosages and regimens. Modeling drug actions requires the combination of data from different fields of investigation, including pharmacokinetics, pharmacodynamics, mechanisms of therapeutic efficacy, and adverse effects (Figure 4) . The roles of clinical pharmacology and the contributions of its different branches for improving drug development are reviewed elsewhere. [55] [56] [57] A comprehensive assessment of drugs' metabolic fate and evaluation of the effect of various intrinsic and extrinsic factors is difficult to obtain solely based on clinical data and should be complemented with in vitro assays and animal models. 52 Due to their human-specific properties, MPS can complement current in vitro and animal models and may serve as a link between preclinical and clinical studies. Following this use, the physiological relevance of MPS may also support better-designed clinical trials that minimize the number of participants.
As the liver is an organ involved in drug metabolism, the use of hepatic MPS can address needs in the fields of clinical pharmacology and toxicity assessment that involve evaluation of the following: (i) drug-drug interactions, 53, 58 (ii) transport and intracellular drug accumulation and binding, 59, 60 and (iii) prediction of drug hepatotoxicity due to chronic exposure. 61, 62 The usefulness of MPS to comprehensively model the interaction between drugs and organs can rely on how cell culture media are exposed to cells ( Figure 5 ). 63 Some types of hepatic MPS have been designed to recirculate cell culture medium and require it to be changed every 2-3 days to provide fresh nutrients to cells and remove cell waste (Figure 5a ). Media changes abruptly alter the concentration of soluble components of the cellular microenvironment that may affect cell metabolism and physiology. 63 Therefore, use of these types of systems may be challenging in some settings where the evolution of effects on drug metabolism are slow or depend upon repeated exposures. To better mimic such situations, modeling should take into consideration media Figure 3 Physiological zonation and cellular activity in the sinusoid unit of the liver. In a healthy and mature liver, oxygen (O 2 ) tension decreases as blood flows along the sinusoid unit (as detailed in Figure 2 ), from the portal triad (zone 1) to the central vein (zone 3). Different types of cell-based molecular activities relate to this oxygen tension gradient. Glucose concentration, glycolytic activity, albumin and urea production, Wnt signaling and phosphorylation (phos.) of β-catenin vary as noted in relation to oxygen concentration. The illustration is inspired by different sources. 43, 50 Other cellular functions vary along the hepatic sinusoid, a topic reviewed elsewhere. [49] [50] [51] [Colour figure can be viewed at wileyonlinelibrary.com] Figure 4 Applications of liver microphysiological systems (MPS) in the field of clinical pharmacology. To understand clinical drug action, studies in clinical pharmacology aim to characterize drug pharmacokinetics, pharmacodynamics, and their relationship to drug effects. For this purpose, different assays can be developed or adapted to liver MPS, and these systems can be used simultaneously to measure, for example, therapeutic and toxic concentrations, characterize metabolism and transporter effects, and evaluate drug-drug interactions. The potential to multiplex different types of measurements in MPS can provide data to support pharmacology models to inform the clinical study design. Pharmacokinetic studies with MPS are also useful for understanding mechanisms that affect drug (and metabolite) concentrations in plasma and liver. [Colour figure can be viewed at wileyonlinelibrary.com] changes and determine how they can impact the clinical translation of results from these systems. 63 Other designs can incorporate the possibility of perfusing media into the cell culture chamber of the system (Figure 5b) or maintain homeostasis of soluble components within the cellular microenvironment by continuously adding and removing cell culture medium (Figure 5c) . The effects of different designs for handling cell culture medium in drug evaluation should be considered for modeling purposes. The ability to connect different MPS that represent different types of organs further increases the potential of this technology for use in clinical pharmacology by evaluating drug effects that rely on interactions between different organs. 64 
CONNECTING HEPATIC SYSTEMS TO OTHER ORGAN SYSTEMS INCREASES THE PHYSIOLOGICAL RELEVANCE OF DRUG TESTING
A major goal in the field of MPS is simulation of physiological multiorgan interactions involved in drug effects and bioprocessing via the interconnection of different organ systems. 4 Interconnected MPS can facilitate the following: (i) detection of drug effects that depend on multiorgan interactions and (ii) set physiological states that are regulated by multiorgan interactions. The consistent use of liver MPS in different versions of multiorgan platforms 42, 54, [64] [65] [66] [67] is necessary because of their roles in drug metabolism.
Coupling cardiac to liver MPS has the potential to improve predictions of clinical cardiac drug side effects, a main cause of drug attrition. 68 As one example, terfenadine can cause cardiac toxicity depending on liver function: 69 work with multiorgan systems has already demonstrated the ability of these platforms to detect variable terfenadine toxicity as a function of liver metabolism. 42 Research has further demonstrated the ability to interconnect other organs susceptible to toxicity, such as kidney, skin, lung, gastrointestinal tract, testis, and brain. 64, 70, 71 The main hurdles for using multiorgans in drug evaluation are the high cost and practical difficulties associated with maintaining several interconnected systems. 72 However, this cost may be reduced if data from preliminary experiments with cheaper platforms, including computational tools, can already inform researchers concerning an affordable number of experimental conditions to consider. For example, pre-experimental in silico modeling for recreating clinically relevant levels of exposure in MPS may decrease the number of experimental conditions required for testing, and minimize the cost of using these systems for drug evaluation. 54, 73 Furthermore, modeling data in silico from experiments with MPS will ultimately improve predictions of drug pharmacokinetic and pharmacodynamic profiles utilized in the planning of clinical trials. 72, 73 Modeling pharmacokinetics and pharmacodynamics from experiments with MPS representing different organs and with interconnected MPS is reviewed elsewhere. 72 Multiorgan MPS use requires data from liver metabolism and transport experiments to determine several pharmacokinetic parameters. Pharmacokinetic parameters that can be derived from bioanalytical experiments with liver MPS, and used for physiologically-based pharmacokinetic modeling, include liver intrinsic clearance and the partition coefficient from circulation into liver. 72 In combination with other in vitro information and/or clinical data, parameters derived from MPS can be used to extrapolate clinical results from modeling drug pharmacokinetics. 72, 74 A direct application of in vivo extrapolations from MPS data is the possibility of predicting ranges of clinical drug regimens that may maximize efficacy while also minimizing toxicity and predicting risk.
Interconnection of various MPS representing different organs can also predict drug effects that depend on multiorgan interactions. Techniques to interconnect up to 10 organ systems in one platform have been successfully developed. 64 However, 10 organs and the in vitro interactions between them is likely still an underrepresentation of various multi tissue interactions that regulate drug response physiology. 75 For example, endocrine regulation of organ function by secretion of hormones or peptides into the bloodstream is missing from the 10-MPS platform. The incorporation of a "missing organ" in interconnected MPS platforms for release of paracrine factors involved in specific physiological settings has been proposed as a solution to further improve the physiological relevance of multiorgan MPS. 75 Figure 5 Different possible modes of operation of liver microphysiological systems (MPS) based on circulation of cell culture medium. Developed systems can differ from each other on operational levels that relate to the way cell culture medium is supplied to the cell culture unit. These operational levels have a strong impact in the kinetics of cellular metabolism and energetics due to differences in cellular exposure to nutrients, metabolites, and drugs, which eventually affect system response to drugs. 63 (a) Medium can be recirculated and completely changed every 2-3 days throughout the operation time. 53 (b) Soluble medium components or compounds can be supplied between media changes. 39 (c) Fresh medium can be continuously perfused into the cell culture unit. 61 
SETTING THE QUALITY AND FUNCTIONAL CHARACTERISTICS OF LIVER MPS
Cell culture conditions, cell types, media flow, being 3-D, coculture of different cells, circulation of cell culture medium, interconnection with other organ systems, and modeling of experiments and experimental results are discussed in detail in this section to motivate the use of liver MPS in drug evaluation.
Standards regarding fabrication of MPS are also of key importance to ensure the robustness and reliability of their use in regulatory applications, as they generally determine the robustness and reliability of microdevices, and are reviewed elsewhere in the biomicrofabrication and microfluidics literature. 76, 77 For example, polydimethylsiloxane (PDMS) is a material often used by MPS developers because of its optimal properties for micromolding. 78 However, PDMS is highly hydrophobic, has unstable surface properties, and easily adsorbs small molecules; these considerations make it unsuitable for testing several types of small molecules. 79 Therefore, fabrication and material properties should be given equal attention as standardization processes discussed for other MPS properties.
In closed compartmentalized systems, for example, cells are cultured in microfluidic chambers (Figure 2e,f) , as opposed to open systems (Figure 2d ). Closed systems have the potential to expose cells to controlled media volumes within the range of physiological volumes of fluids surrounding cells in tissues. 1 Such conditions can potentially better replicate physiological compositions of the cellular microenvironment that rely on homeostatic states of cell metabolism, absorption, and secretion. To evaluate this potential, further research should test the effects of the dimensions of microfluidic enclosures and media exchange rates on cell function to enable a comprehensive comparison of data from different MPS. Altogether, several developers are commercializing distinct versions of liver MPS, and additional academic laboratories have also published detailed protocols and designs of novel systems.
Other challenges in pharmacokinetic applications aiming to predict clinical drug effects are the ability to scale volumes from experiments to clinical settings and the extrapolation to humanspecific physiology. 80 In silico modeling is particularly important in addressing this challenge, and efforts are underway to extrapolate clinically relevant information from experiments. 54 Ideally, various types of liver MPS that use similar cells should lead to similar results with similar drug treatments, while accounting for their differences in volume and media flow (Figures 2 and 5 ) in models for clinical data extrapolation.
Given the variety in available systems, the field lacks a comprehensive evaluation of various potential uses that may both differentiate MPS from various developers and establish similarities between them. Independent and publicly funded academic testing centers have already initiated such evaluation to address concerns regarding variability of results between laboratories using the same MPS. 81 Testing centers primarily focus on siteto-site variability of MPS assembly and use, 82 but their work has raised questions about the quality and origin of cellular material, biointerfaces between microfluidic materials and media or cells, modeling of experimental results, and clinical translation of data. 83 For example, adsorption of small molecules to MPS materials that replace PDMS and approaches to account for drug-material non-specific interactions in pharmacokinetic simulations have been proposed for standardization purposes. 39, 84 This example concerning the characterization and standardization of MPS operation illustrates the need for standardization. In summary, standardization is required in:
• MPS properties: cell origin, cell quality, media, extracellular components, preparation protocols, operation quality control properties, and tissue function • MPS use in drug development: drug treatment schedules, measurement schedules, toxicity, biomarkers, mechanistic endpoints, pharmacokinetics, pharmacodynamics, efficacy, and experiment and data modeling • Multiple donors with distinct genetic backgrounds: isolated cellular material 85 or differentiated iPSC-hepatocytes 86 from different individuals with functional properties that reliably represent clinical settings For liver MPS, a focused standardization effort should consider metabolism, transport, drug intracellular accumulation, drug-drug interactions, inflammation, and interactions between different cell types that regulate drug effects on liver physiology. Robustly capturing variability in liver function between different groups of donors 87 and differentiating donor-specific results from the effects of cell handling procedures should also be considered for ensuring reliability of results with liver MPS. The execution of this effort should not fall solely on academic research but should also involve regulatory agencies, the pharmaceutical industry, commercial developers of MPS, and other drug development stakeholders.
CONCLUDING COMMENTS AND FUTURE WORK
Different studies have validated the suitability of liver MPS to predict drug effects that traditional culture systems fail to predict because of the loss of cellular hepatic properties after a few days of culture or because cell lines or iPSC-derived cells have poorly developed metabolism or transport. In general, different versions of liver MPS (Figure 2d-f ) increase the physiological relevance of cultured cells' hepatic function and can enable clinical drug effect prediction with higher reliability. In addition, under physiological conditions, liver MPS can provide more clinically relevant data on pharmacokinetics, which can improve models in the domain of clinical pharmacology (Figure 4) . Different properties of MPS that set their physiological relevance, and the importance of these properties for designing and analyzing assays in the context of drug development, have been discussed.
Different liver MPS (Figure 2d-f) can vary in the design of microfluidic devices, pumping systems, profile of media circulation ( Figure 5 ), co culture of varied cell types, and their connectivity to other MPS that represent different organs. Given the complexity of MPS and the relative infancy of this field, the main consideration for their use in drug development relates to their reliability and robustness. 88 Therefore, engendering confidence in this technology requires a concerted standardization effort that builds upon the work of the tissue-chip testing centers and focuses on different contexts of use. Such an effort should involve multiple stakeholders within drug development. Such standardization efforts will also require comprehensive studies of the operational effects of system materials, cellular properties, and fluidic design that yield informed interpretations of results to ensure assay quality.
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